, the Swan band sequence for C 2 (4740, 5160, and 5630Å), C 3 (4056Å), and other faint species. Lines are also identified in the spectra of the other comets. Flux measurements of the CN, C 2 (∆v = +1, 0), and C 3 lines are recorded for each comet and production rates and ratios are derived. When considering the comets as a group, there is a correlation of C 2 and C 3 production with CN, but there is no conclusive evidence that the production rate ratios depend on heliocentric distance. The continuum is also measured, and the dust production and dust-to-gas ratios are calculated. There is a general trend, for the group of comets, between the dust-to-gas ratio and heliocentric distance, but it does not depend on dynamical age or class. Comet 2006 VZ13 is determined to be in the carbon-depleted (or Tempel 1 type) class.
INTRODUCTION
The icy nature of comets indicate they have been preserved at cold temperatures since the early stages of solar system formation. Consequently, they are commonly considered to be among the most primitive objects in the solar system. Determining their physical and chemical properties, and how they evolve, is important to our understanding of the formation of planetary systems, both our own and in general.
Several surveys have attempted to study and classify the chemical composition and evolution of comets. A 'Hearn et al. (1995) conducted a photometric survey of 85 different comets over almost 20 years. Their findings indicated two major classes of comets: those that are carbondepleted and those that are not. They found nearly all members of the carbon-depleted class are Jupiter family comets (JFCs), although not all JFCs are carbon-depleted. They also reported little variation of relative production rates with heliocentric distance or apparition; however, they noted a correlation between the dust-to-gas ratio and perihelion distance.
⋆ Corresponding author email: alyssa.gilbert@uwo.ca Three major spectroscopic surveys have also been conducted: Newburn & Spinrad (1989) reported spectrophotometry of 25 comets; Cochran et al. (1992) derived production rates for 17 faint comets; and Fink & Hicks (1996) surveyed the spectra of 39 comets into infrared wavelengths. The three surveys found slightly different results. Newburn & Spinrad (1989) reported a correlation between CN and dust, and that the C2/CN production ratio changed with heliocentric distance. Cochran et al. (1992) , however, found the gas production ratios remained constant with activity level and heliocentric distance, except for NH2/CN. Fink & Hicks (1996) concluded that most comets have roughly the same production rate ratios to within a factor of 2 or 3, although 10 per cent of comets could be considered outliers.
More recently, Fink (2009) presented a spectroscopic survey of 92 comets over approximately 19 years. They report four taxanomic classes of comets: typical, Tempel 1 type, Giacobini-Zinner type, and the unusual object Yanaka (1988r). The typical comets have typical ratios of C2, NH2, and CN with respect to water, while Tempel-1 types have deficiencies in C2 but normal NH2 abundances. GiacobiniZinner comets have low C2 and NH2 ratios with respect to water, while Yanaka has no detectable C2 or CN emission, but normal NH2 abundances. They conclude that the Halley family of comets (originating in the Saturn and Uranus region, but were scattered to the Oort cloud) shows no C2 depletion, while objects originating in the Neptune region show a mixture of typical and C2 depleted objects. Comets originating in the classical Kuiper belt form the C2 depleted group.
Comet 2006 VZ13 (LINEAR) was discovered in November 2006 (Sponsetti et al. 2006 , and is a new Oort cloud comet which passed perihelion on 10 August 2007. This presented a unique opportunity to observe a pristine comet as it passed perihelion. In addition, four other comets were observed with the same instrument and under the same observing conditions: 2006 K4 (NEAT), 2006 OF2 (Broughton), 93P/Lovas I, and 2P/Encke. These comets represent a broad range of dynamical class, age, brightness and heliocentric distance. This allows for a comparison of production rates and ratios between comets of different classes and ages.
In this paper, spectroscopic observations are presented of five comets, obtained in August 2007. The production rates of CN, C2, and C3 are calculated, and the production ratios with respect to CN are derived. In addition, dust production rates and dust-to-gas ratios are calculated. Table 1 lists the orbital parameters for each comet, and Table 2 summarises the observations. All observations were taken under photometric conditions, except for the second half of the night of August 14, which was partly cloudy.
All observations were acquired with the Cerro-Tololo Inter-American Observatory (CTIO) 1.5-m telescope and R-C spectrograph. The spectrograph had a Loral 1K 1200×800 CCD with 15-µm pixels. A Bausch & Lomb reflection grating was used with 300 lines mm −1 , a resolution of 8.6Å, and a coverage of 3450Å. A 2-arcsec slit was used for all observations. Wavelength scales were approximately 3Å pixel −1 from 3500 to 7000Å. The CCD spatial scale was 1.13 arcsec pixel −1 , with the length of the slit spanning 460 arcsec. Each comet nucleus was centred on the slit for the duration of the exposure. All of the comets, with the exception of 2006 VZ13, only covered a small area on the slit (on the order of the width of the slit). This is due to the objects being at large distances and having relatively small comae. Since 2006 VZ13 covered the entire slit, this could have introduced errors in guiding and pointing of the telescope, potentially causing a misalignment of the nucleus on the slit. Great care was taken during the observations to track the object using the coordinates from the JPL database in order to minimize these errors.
Bias and projector flats were obtained at the beginning of each night, and HeAr comparison lamp spectra were recorded before each new object. Images of the twilight sky were also obtained, and were used to partially correct for solar reflection. Standard star Feige 110 was observed to flux calibrate the comet spectra.
DATA REDUCTION
The data was reduced using IRAF (Tody 1993) . For each observation date, the projector flats were examined to determine portions of the chip that were not illuminated. These sections were trimmed from all images. The bias frames were combined and applied to each twilight sky flat, projector flat, lamp spectrum and object spectrum. The projector flat frames were then combined and applied to the sky flats and object spectra.
One-dimensional spectra of each sky flat and object were extracted using IRAF's APALL tool, which traced the centre of the profile, corrected cosmic-ray hits, and subtracted the background sky near the edges of the slit (with the exception of 2006 VZ13, where the background sky correction was taken from another image). Each spectrum was wavelength calibrated using a HeAr lamp spectrum. Spectra obtained of the same object on the same night were co-added to increase the signal-to-noise ratio.
The combined sky flat image was subtracted from the cometary spectra to partially correct for solar reflection. This continuum correction was not perfect and, in general, left 10-20 per cent of the continuum. To compensate for the difference, the continuum of each comet was fit again with a cubic spline function and subtracted.
The comet spectra were flux calibrated using spectra of the standard star, Feige 110. The star was observed several times per night at different airmasses. Using these observations, the effective airmass and system sensitivity function were calculated, which was then used to calibrate the comet spectra. 
ANALYSIS AND RESULTS
The absolute flux is measured above the continuum of the CN, C3 and C2 emission features for each comet (see Table 3 for parameters). The continuum flux is also measured to calculate the dust production rate. The measured fluxes are listed in Table 4 .
Gas production
The most common procedure to convert flux to a production rate is the Haser model (Haser 1957) . This model assumes the main excitation mechanism is resonance fluorescence, a spherical geometry of the coma, and an exponential decay of both the parent and daughter molecules. The fluorescence efficiencies (g) and scale lengths (lp and l d ) are scaled by r −2 H (where rH is the heliocentric distance) for the production rate calculations. For CN, however, there is a deviation from the r −2 H dependence due to the Swings effect. This is taken into account using the tables found in Tatum (1984) . The expansion velocity for all molecules is assumed to be 1 km s −1 , and the slit width is 2 arcsec. The error in the flux measurement is derived using the 1 All values are from the JPL Small-Body Database Browser; a is the semi-major axis, e is the eccentricity, i is the inclination, q is the perihelion distance, Q is the aphelion distance, and T J is the Jupiter Tisserand parameter (given by T J = a J /a + 2 cos i a(1 − e 2 )/a J ).
2 NEO = near earth object; EOC = evolved Oort cloud comet; NOC = new Oort cloud comet; JFC = Jupiter family comet. For comets showing no emission in a given band, the upper limit of the production rate is determined by measuring the zero-to-peak noise in the band and multiplying by the number of pixels across the band (as in Fink & Hicks 1996) . For the C2(∆v = 0) band, lines were visible for most comets; however, because of a large absorption feature within this line near 5100Å, the flux could not be measured precisely (except for 2006 VZ13). Therefore, only production rate upper limits are quoted in this case. Table 5 lists the calculated production rates and ratios for each comet. The numbers in parentheses give the per cent error, which is the same per cent error found for the flux measurement.
Comet 2P shows variability in CN production, including a very large increase on 2007 August 13, as is clearly demonstrated in Fig. 2 . Variabilities on the order of day are not unreasonable, as the lifetime of CN molecules is approximately 10 5 s (Cochran 1985 no large increase observed in the dust production, indicating the gas and dust production rates are not related. When considering the comets as a group, there seems to be a linear correlation between the production rates of C3, C2(∆v = 0), and C2(∆v = 1) with CN (as reported in Cochran 1987 ). There does not seem to be a correlation between the production rate ratios with respect to CN and heliocentric distance, indicating gas production remains constant in a given comet over a range of distances. However, because many of the production rate values are upper limits, these statements are not conclusive.
The spectra of comet 2006 VZ13 can be compared to those in Fink (2009) in order to determine its taxonomic class. The spectra match most closely with those of Tempel 1, and we conclude comet 2006 VZ13 is carbon-depleted.
Dust production
A proxy for the dust production rate can be calculated using the expression derived by A'Hearn et al. (1984): where A is the Bond albedo, f is the filling factor of the grains in the field of view, and ρ is the circular radius of the telescope aperture at the comet (cm). F λ is the mean cometary flux in the range of 6230 − 6270Å, and F⊙ is the solar flux in the same wavelength range (both in erg cm −2 s −1Å−1 ), calculated here using the values in Arvesen, Griffin & Pearson (1969) . The heliocentric and geocentric distances are in au and cm, respectively. If the cometary dust is assumed to flow away from the nucleus in a uniform manner, without breakup, acceleration, or darkening, then the quantity Af ρ (cm) is proportional to the dust production rate (A'Hearn et al. 1984; Storrs et al. 1992 ).
The continuum flux is measured in the range of 6230-6270Å of the solar-corrected spectra, where there are no known lines (Fink 1994; Fink & Hicks 1996) . The circular radius, ρ, is assumed to be half the width of the rectangular slit (1 arcsec). This approximation introduces a conversion factor of π/4, a small factor which has been ignored in the dust production calculation. Table 6 lists the dust production rate derived for each comet and the ratio to the production rate of CN. The per cent uncertainty in the continuum flux is calculated using the peak-to-peak noise in the wavelength range in Table 4 . Measured Fluxes. Table 5 . Production rates and production rate ratios.
Comet r H (au) log Q (molecules s −1 ) log Q-ratios question. Comets with no CN line observed (2006 K4 and 2006 OF2) have lower limits of the dust-to-gas ratio listed.
The dust-to-gas ratio stays approximately constant for each comet, except for 2P which shows a distinct decrease on 2007 August 13 (corresponding with an increase in CN production noted above); however, there seems to be an overall increase in the dust-to-gas ratio as a function of heliocentric distance. This relationship could be due to a wide range of relative abundance of refractories among the comets, or to different amounts of dust being released with the gas escaping from the surface (A'Hearn et al. 1995) . The overall trend is not dependent on the age or dynamical class of the comets.
CONCLUSIONS
Spectroscopic observations for five comets are reported. From these spectra, the gas production rates and production rate ratios have been calculated. There seems to be a linearity of the production rate ratios with respect to CN, agreeing with past studies (Cochran 1987; A'Hearn et al. 1995 ). There does not seem to be a correlation between the production rate ratios and heliocentric distance. By comparing the spectra of comet 2006 VZ13 with those presented in Fink (2009) , it is determined to be a carbon-depleted (Tempel 1 type) comet. The dust production rate and the dust-to-gas ratio are also calculated for each comet. The ratio stays relatively constant for each comet, except for 2P due to a variability in CN production. There seems to be an overall dependence on heliocentric distance when considering the comets as a group. There is no observed dependence of the dust-to-gas ratio on the dynamical age or class of the comets.
